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Abstract
The dielectric properties of electrochemically grown zirconium oxide films by anodisation of zirconium in 1.0 mol dm–3
phosphoric acid solution were investigated in a 3 to 30 V potential range with a view to inducing surface modifications
for eventual use in biomedical and electronic applications. The oxide films grown at different potentials were characte-
rised by Atomic Force Microscopy, X-ray photoelectron and Raman spectroscopies; the latter demonstrated the incor-
poration of phosphate ions into the passive films. Flat band potentials calculated from the Mott-Shottky analysis of the
oxides semiconducting properties confirm the bilayer structure of the films. The oxide dielectric permittivity was eva-
luated from impedance spectroscopy measurements and the film oxide model proposed gave values independent of the
oxide growth potential.
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1. Introduction
The rapid increase in demand of medical implants re-
quires materials of high chemical resistance in biological en-
vironments. For this, the mechanical properties and good bio-
compatibility of zirconium and some of its alloys make them
highly suitable for biomedical applications.1,2 In vivo studies
have shown that zirconium promotes osseointegration and
that its cytotoxicity is very low, even less than for titanium al-
loys,3,4 mainly due to the presence of protective oxide layers.
These films decrease the corrosion rate minimising metal ion
release to the biological media, thus facilitating osseointegra-
tion.5–8 For this, increased thickness of the native film as well
as modification of surface morphology for improving surface
porosity and roughness is required. The enhancement of bar-
rier properties and porosity can improve bone growth in con-
tact with the implant.9 In addition, roughness in the nanoscale
appears to promote cell proliferation.10,11
Anodisation in phosphate containing electrolytes is
a route for surface modification that can improve osseoin-
tegration as well as corrosion resistance of the implant
materials.12,13 Thus, biocompatibility is strongly depen-
dent on surface properties.14,15 The anodisation process of
valve metals and specifically, the incorporation of ions in-
to the surface film structure during growth is a complex
process. Since the film thickness obtained by anodisation
is in the nanometer range, its characterisation can provide
structural information relevant to osseointegration.16
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Anodic growth of zirconium oxides has been exten-
sively studied in a wide variety of media17–24 and growth
conditions.25 Electrolyte anions are more readily incorpo-
rated in films during anodisation in acid compared with
alkaline electrolytes17,18 and this can affect film structure,
growth kinetics, dielectric behaviour and surface defect
density.24,26 Importantly, altering the semiconducting pro-
perties of the oxide could be a tool for inducing particular
biological responses.27
Since these factors determine the success of pos-
sible applications of Zr, such as permanent biomedical
implants,12,13 corrosion resistant materials for the nu-
clear,28 and importantly, high k dielectric materials for
the microelectronics industry,29–31 the aim of this work
was to study the electrochemical properties of zirco-
nium anodic oxides grown in phosphoric acid by a com-
bination of spectroscopic (Raman and X-Ray Photoe-
lectron Spectroscopy, XPS), electrochemical (pola-
risation curves, Electrochemical Impedance Spectros-
copy, EIS) and surface imaging (Atomic Force Micros-
copy, AFM).
2. Experimental
2. 1. Material and Anodising Treatment
Pure zirconium sheets (99.5%, Roberto Cordes S.
A., Argentina, see Table SI 1) were used, from which 20
× 15 × 0.127 mm specimens were cut. A copper wire at-
tached to one extreme of the sample by passing it
through a hole on the top of the sample and twisting it
back on itself served as electrical contact. The contact
was insulated from the solution by coating with transfor-
mer acrylic insulating lacquer (Delta Electroquímica
SRL, Argentina). Before electrochemical treatment, the
samples were cleaned with acetone (Sintorgan, analyti-
cal grade), dried in air and stored in a desiccator. No che-
mical etching of the surface, for example, with
HNO3–HF mixtures, was employed since this can result
in fluoride contamination and consequent alteration of
the properties of the oxides formed.17
Oxide growth was carried out in a two-electrode
cell using a stainless steel mesh as counter electrode.32,33
The electrodes were anodised for 60 minutes in 1.0 mol
dm–3 H3PO4 (Sigma-Aldrich analytical grade, 85.0%) at
constant total applied potential between 3 and 30V; deio-
nised water (18.2 MΩ cm, Millipore) was used throug-
hout.
2. 2. Surface Characterisation
Surface composition was determined by X-ray pho-
toelectron spectroscopy using a VG Microtech ESCA
3000 system. Survey and high resolution scans of the
main spectral peaks were recorded. The binding energies
(BE) are referenced to a binding energy for C 1s of 284.5
eV. Raman spectra of the anodic oxides was determined
with an Invia Reflex confocal Raman microscope (Renis-
haw, UK) using a 514 nm argon laser with a 50× objective
lens. No thermal effects were observed on the samples du-
ring these measurements. Two roughness parameters, Ra
(roughness average) and Rrms (root mean square rough-
ness), were calculated from 40 × 40 μm images obtained
in contact mode with an Agilent 550 AFM microscope
(Agilent Technologies, USA.) Between 6 and 10 measure-
ments were carried out for each sample to ensure reprodu-
cibility. Image analysis was carried out with Gwyddeon
free software.34 Different area selection criteria have been
previously chosen to estimate surface roughness by AFM.
For example Löberg et al. used sampling areas from 3 × 3
to 10 × 10 μm in a detailed study of surface roughness pa-
rameters35 whereas Samyn et al. employed different areas
of up to 15 × 15 μm in a comparative study of non-contact
profilometry and atomic force microscopy.36 Roughness
measurements provide an objective way of relating elec-
trochemical properties of anodic oxides to unit area that is
often missing in studies of valve metals, making it diffi-
cult to compare literature results.
2. 3. Electrochemical Studies
The oxide-filmed electrodes were studied in a
conventional three electrode cell using a saturated calomel
electrode as reference and a platinum wire as counter
electrode. The electrolyte was 1.0 mol dm–3 H3PO4 and
the electrode was stabilized for 40 minutes in this solution
at open circuit before the measurements, which were car-
ried out with a Reference 600TM Potentiostat-Galvanostat-
ZRA (Gamry Instruments, USA). Impedance measure-
ments to obtain the corresponding Mott–Shottky plots37
were performed at 1000 Hz using a 10 mV rms perturba-
tion signal. Linear sweep voltammetry was measured at a
sweep rate of 5 mV s–1.
Electrochemical impedance spectroscopy (EIS) data
were obtained with a PCI4 750/potentiostat/galvano-
stat/ZRATM (Gamry Instruments, USA). The amplitude of
the perturbation signal was 10 mV rms around the corro-
sion potential (Ecorr) and the impedance was measured
between 10–2 and 106 Hz. The data were fitted to equiva-
lent circuit models with Zplot for Windows software.38 All
potentials were referred to a saturated calomel electrode
(SCE, Radiometer Analytical, France).
3. Results and Discussion
3. 1. Raman Spectroscopy
Fig. 1 compares the Raman spectra for a zirconium
anodic oxide grown at 30 V with untreated Zr at different
points in a line at the surface, showing a uniform spectros-
copic response; the absence of domains indicates uniform
surface composition.
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for the as-received samples, despite a shift of approxi-
mately 2 cm–1 observed compared with ZrO2 pow-
der.39–41 Peaks belonging to tetragonal zirconia were not
present in the anodised zirconium in agreement with
XRD data that indicated mainly the presence of monoc-
linic zirconium oxide for films grown both thermally
and electrochemically.28 Thus, Raman spectroscopy
provides identification of the crystallographic phases
present in these very thin anodic oxide films. A small
proportion of the tetragonal phase could only be detec-
ted by selective area diffraction. The formation of the te-
tragonal/cubic phase has been observed for zirconia de-
posited from the gas phase by radio frequency (RF)
sputtering from a pure ZrO2 target in an Ar plasma.
42 By
contrast, only the monoclinic structure was obtained
when ZrO2 was obtained by reactive sputtering in the
presence of oxygen. Although these preparation met-
hods are very different, electrochemical oxidation pro-
duce films similar to those prepared in vacuum by reac-
tive sputtering under oxidising conditions.42
Raman spectra showed also an additional band in
the high wavenumber region, at 1060 cm–1, which was ab-
sent in the as-received Zr, indicating the incorporation of
phosphates from the anodising solution.24,26 Moreover,
anion incorporation is greater during the initial stages of
oxide formation when the current density is high.17,18,43
From Raman spectra measurements, this band has been
assigned to zirconium pyrophosphate incorporated within
monoclinic zirconia obtained by pyrolysis of ZrO2 in the
presence of (NH4)2HPO4.
44
Table 1. Comparison of Raman spectral peaks observed for Zr as received and anodised at 30 V with literatu-
re data for ZrO2 35–37 vs: very sharp, s: sharp, w: weak, b: broad
Anodic oxide 
As received Monoclinic Tetragonal Amorphous grown at
Zr (cm–1) ZrO2 (cm
–1) ZrO2 (cm
–1) ZrO2 (cm
–1)30 V (cm–1)
152 158 148m
176 174vs
185 186vs 180–190s
221 219m 220wb
263 255–265s
305m
315 310–320m
332 334s
347m
376 380s
476 476vs 475m
502 511 505m 500–570wb
532 537m
548
559 559m
572
616s
634 638s
649 625–640s
Figure 1. Raman spectra obtained for (a) the zirconium anodic oxi-
de grown at 30 V in 1.0 mol dm–3 phosphoric acid and (b) for the
as-received zirconium sample.
Table 1 compares these results with those for
amorphous, monoclinic and tetragonal zirconia. All the
peaks can be reasonably well assigned to monoclinic
ZrO2 for the anodised samples and to tetragonal ZrO2
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3. 2. XPS Analysis
XPS measurements of anodised samples showed a
characteristic P 2p peak.45 Gaussian fitting gave binding
energies (BEs) of 133.4 and 133.3eV for oxides grown at
12 and 24 V, respectively (Figure 2a). Therefore, the natu-
re of the phosphorous species incorporated is independent
of the growth potential and clearly indicates the presence
of P-O functional groups,46,47 confirming the Raman spec-
tra results.
Figures 2b and 2c show detailed spectra of the zir-
conium 3d region for the as-received material and for a
sample with oxide grown at 12 V. A surface atomic ratio
for Zr to P of 4.5 is obtained from the integrated P 2p and
Zr 3d peaks and the corresponding atomic sensitivities48
clearly demonstrating the replacement of oxygen by
phosphate containing species, in agreement with the Ra-
man results.
Spectral deconvolution of the Zr 3d5/2 and 3d3/2
bands for the anodised Zr (Fig 2c) gave binding energies
of 182.3 and 184.7 eV, respectively. The spin-orbit split-
ting observed was 2.4 eV, as previously observed45,47. The
3d5/2 BE measured was similar to the literature recom-
mended value for Zr4+ in ZrO2, of 182.2 eV
42,49 for sam-
ples prepared by reactive sputtering of a zirconia target in
the presence of oxygen. Fig. 2b shows a spectral deconvo-
lution of the as-received sample. In this case, the main
XPS peak has a BE lower than that of the anodised sam-
ples, with a BE for the 3d5/2 peak at 181.7 eV, lower than
the value for ZrO2. In order to get as much as possible an
unbiased result, the 3d 3/2 and 3d 5/2 binding energies
were fixed to the well known values for Zr(0) and Zr(IV)49
and then the non-linear regression program was allowed
to choose the best values corresponding to the other oxide
species present, without attempting to separate these addi-
tional contributions. The main signals were found at bin-
ding energies of 181.6 and 184.0 eV, most likely related to
the 3d level of Zr(III) suboxide.49,50
Due to the difficulties in deconvoluting reliably a
multi-peak spectrum, this peak has been simply labelled
as ZrOox, corresponding to lower oxidation states of zirco-
nium present at the Zr-oxide interface.49–52 The minor fea-
ture at 178.5 eV (Figure 2b) corresponds to the Zr0 sub-
strate (BE for Zr0 3d5/2 = 178.79 eV
44). As would be ex-
pected, all these suboxide features could not be observed
for the fully oxidised samples investigated. The results in
Fig. 2b indicate that the oxidation state of Zr in the oxide
in direct contact with the metal is lower than (IV). Gra-
dients of oxidation state have been known for a long time
for passive Fe oxides30 and are important in determining
the overall electrical response of the film.
3. 3. Surface Roughness
Surface roughness affects the interpretation of impe-
dance measurements in at least two ways. An increase in
area of the oxide-solution interface increases the volume
of the polarisable dielectric oxide and hence, gives lower
values of the impedance (higher film capacitance contri-
butions). In addition, the different electric field pathways
caused by film roughness give rise to a frequency disper-
sion characteristic of a transmission line. This can be mo-
delled using a constant phase element component (see
Section 3.6).53,54 These effects become important when
the average surface roughness length is comparable to the
thickness of the oxide film.
Figure 2. XPS detailed scans for (a) the P 2p region for samples
anodised at 12 and 24 V; (b) Zr 3d region for the as-received mate-
rial and (c) the same after anodisation at 24 V. The XPS data has
been deconvoluted using Gaussian functions. Lower oxidation sta-
tes are present in the as received sample.
a)
b)
c)
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Surface roughness parameters used for the characte-
risation of the osseointegration properties of dental im-
plants have been extensively discussed by Löberg et al.35
but only two parameters, Ra and Rq, have been calculated
from AFM measurements in the present work since these
can be more readily related to engineering considerations
and also provide surface structural information.55–57 Ra is
the arithmetic average of the absolute values of the surfa-
ce heights referred to the mean:56
n = number of positions sampled, νi = film height at posi-
tion i and νav = average film height. The parameter Rq is
the root mean square of the surface topography given by:
The dependence of Ra and Rq on growth potential is
shown in Fig. 3a. The difference between Ra and Rq is the
standard deviation (SD) from the mean. The initial rough-
ness of the material had a SD of approximately 25% that
increased slightly to 27% for a surface anodised at 30 V.
The similarity of the percentual differences in the values
of Ra and Rq indicates that the standard deviation from the
mean does not change significantly with oxide thickness,
i.e., percentual deviations from the average height are not
very large. Rq and Ra are often linearly related to each ot-
her through the surface geometry56 and the dependence of
Rq on Ra is shown in Fig. 3b. The slope was 1.25, a value
commonly encountered for surfaces having a random
Gaussian distribution of surface heights.55–57
The above observations indicate that the overall sur-
face profile does not alter significantly with increasing
oxide thickness although the differences between valleys
and troughs in the film increase with thickness. A correc-
tion to the effective surface area for the calculation of pa-
rameters such as carrier number density derived from the
Mott-Shottky plots, current density and for the impedance
analysis is required. For this, the surface area factor, SAR,
defined as the ratio of real to nominal area obtained from
the AFM measurements was employed. Only short range
surface features of dimensions in the nanometre range,
which represent the largest contribution to the value of
SAR, were considered. SAR increases with anodising poten-
tial (Fig. 4) indicating small changes in the interfacial to-
pography, in agreement with previous reports for Zr and
Zircaloy-2 in various electrolytic media.58 The values of
SAR were used to refer the electrochemical results to unit
area of the oxide-solution interface.
Figure 3. (a) dependence of the Ra and Rrms roughness parameters
on anodisation potential for the zirconium samples studied. (b) De-
pendence of Rrms on Ra.
Figure 4. Dependence of the surface area factor on anodisation po-
tential for the zirconium samples studied.
3. 4. Semiconducting Properties 
of the Anodic Films
Changes in electronic properties of the anodic oxide
films on zirconium due to electrolyte ion incorporation are
still a matter of controversy. For instance, ZrO2 films chan-
ge from a pure dielectric to an n-type semiconductor in con-
tact with 0.5 mol dm–3 H2SO4
59 whereas anodic zirconium
oxides grown in lactic acid behave as purely dielectric ma-
terials.60 A transition from semiconducting to insulating be-
haviour has been reported when anodising Zr in NaOH.61
a)
b)
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The semiconducting properties of the ZrO2 films
were investigated using Mott–Shottky plots.62a The capa-
citance of the films grown at different potentials was mea-
sured at potentials well below the film growth potential to
ensure that no additional growth occurred during these
measurements. For a semiconductor in contact with an
electrolyte solution, the dependence of the space charge
capacitance on potential under depletion conditions is gi-
ven by:53
. 
. (1)
where Csc is the capacitance of the space charge region, q
is the charge of the carriers, Nd is the carrier number den-
sity (cm–3), εr is the relative dielectric permittivity of the
film, ε0 is the permittivity of free space (8.85 × 10
–14 F
cm–1), V is the applied potential, Vfb is the flat band poten-
tial, k is the Boltzman constant and T the absolute tempe-
rature. The sign of q indicates the type of semiconductor
film present (n- or p-); the number density of charge car-
riers can be calculated from the slope and the intercept gi-
ves the flat band potential.36
Some typical results obtained are presented in Figure
5, where the linearity expected from Eq. 1 is observed, also
confirming n type behaviour. The apparent flat band poten-
tial (Vªfb) for different growth potentials corresponding to C
–2
= 0 was, however, very negative with Vªfb = (–11±4) V, an
unrealistic value for the band structure of the oxide investi-
gated. Very large absolute values for (Vªfb) have also been
previously observed for oxide fi-lms.62a De Gryse et al. de-
monstrated that if the oxide film comprises not only a deple-
tion layer but also an insulating dielectric in series, the clas-
sical Mott–Shottky equation becomes:63
(2)
where C in the measured capacitance and Cox is the capa-
citance of the insulating oxide dielectric in series with the
space charge capacitance.27,53,62a–64 The Helmholtz layer
capacitance is not considered here since its value for the
oxide-solution interface is very high, of the order of 100
μF cm–2.27 This value is much greater than that of the ZrO2
filmed electrodes and therefore, its impedance can be ne-
glected compared with that of the film.
The dual layer structure is the main difference bet-
ween an anodic Zr oxide film and a classical semiconduc-
tor and a general analysis of this question has been discus-
sed by Albery et al.65 Thus, although the slopes of the C–2
vs V plots are linear and can be used to calculate correct
values of Nd,
27,66 the flat band potential cannot be obtained
from them since the series capacitance term includes an
additional contribution to the values of C–2. This is the
reason for the observation of very negative apparent va-
lues of Vfb when using Equation (1).
The anodic oxide films on Zr and its alloys have a
bilayer structure consisting of a thin inner layer where
conduction occurs through oxygen vacancies and/or zir-
conium interstitials, and of a slightly porous and more de-
fective outer dielectric layer.28,41,66–68 The latter can be
permeated by the contacting solution thus complicating
the impedance analysis by introducing frequency disper-
sion effects. This bilayer structure is common to many
passive films and the analysis developed by Macdonald et
al.67,69,70 for Zr and its alloys has been successfully applied
to other valve metals.
The calculation of the carrier number density requi-
res a value of the relative dielectric permittivity (εr) of the
oxide film. The electrical properties of Zr has been the
subject of many studies due to the use of Zr in the nuclear
industry and more recently, ZrO2 have received a great
deal of attention since its very wide band gap and high
dielectric permittivity makes it an attractive gate material
in electronics. The properties of the oxides studied for the-
se two applications present, however, significant differen-
ces. For the former, the materials studied have been obtai-
ned by anodic oxide growth or oxidation in aqueous solu-
tions whereas for the latter, gas phase preparation met-
hods have been exclusively employed, e.g., Atomic Layer
Deposition or Chemical Vapour Deposition.
The variety of dielectric permittivity results reported
in the literature is due to the different phases formed and
their stability ranges. For example, εr for the monoclinic,
cubic and tetragonal crystal structures have been estima-
ted as 19.7, 36.8 and 46.6, respectively.71 The stability
ranges of these structures is <1400, 1400–2570 and
2570–2980 K, respectively72 and therefore, materials pre-
pared at room temperature would be expected to display
preferentially the monoclinic structure.
A summary of values of εr obtained under condi-
tions similar to those employed in the present work is
shown in Table 2. Most of the values reported are within
the range of 20 to 30. For the purpose of the following
analysis, a value of 30 has been used.62a In contrast with
semiconductors-metal junctions, the donor density is
strongly dependent on anodising potential (Figure 6). The
Figure 5. Mott-Schottky plots of zirconium anodised at 9 () and
24 V () in 1.0 mol dm–3 phosphoric acid.
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Nd values reported by A. Goosens et al.
62a were higher
than those obtained in the present work, which might re-
sult from differences in the frequency range employed and
from assumptions on the surface area factor of the sam-
ples. The Nd results obtained in the present work are in
good agreement with those reported by Sato for different
refractory metals43 and for zirconium anodic oxides.59 The
decrease in Nd observed for higher oxide growth poten-
tials is also in agreement with observations for other valve
metals73–75 and for zirconium-niobium alloys.76 This beha-
viour can be ascribed to a decrease in the density of oxide
defects with increasing film thickness.
The oxide growth current density decreased rapidly
to very low values during the first minute of anodisation,
when the main increment of the oxide film thickness ac-
tually occurs. During the remaining film growth period,
the applied potential leads to a decrease in lattice defects
and thus to an additional reduction of the carrier density
due to film ageing.
The simple model of two ideal capacitors in series
described above, although it provides a reasonable struc-
ture for analysing the semiconducting properties of the
anodic film, is, however, inappropriate to describe fully
the electrical properties of the oxide films and a more
complex interfacial model is required.67–69 It is possible,
in principle, to obtain additional information from equa-
tion (2) such as the value of the series capacitance Cox by
making use of the estimate of the flat band potential of Zr-
O2 by Kung et al.
62b Correcting for differences in referen-
ce electrodes and pH, Vfb = 1.30 V vs SCE at pH = 1.08,
corresponding to 1mol dm–3 H3PO4 The estimate of Cox
from these data is too uncertain due to the large extrapola-
tion required. This quantity was determined form ac impe-
dance measurements (see below).
There is, however, an additional problem for estab-
lishing the contribution of the space charge capacitance in
the analysis of bilayer oxide structures such as this since
this requires the knowledge of the actual potential drop
across the depletion region. This is not given by the actual
applied potential referred to Vfb due to the presence of an
insulating oxide in series with the semiconducting layer in
contact with the metal. In order to make a quantitative as-
sessment, the applied potential has to be corrected by the
ratio CSC/Cox. Previous work indicated that the space char-
ge region contribution to the total impedance is not very
large as a consequence of the small actual potential drop
across the space charge region.27 Since the value of Cox
cannot be reliably obtained from the Mott-Schottky plots
and considering the other uncertainties mentioned above,
we have preferred to treat the inner layer as an additional
constant phase element in the equivalent circuit (see be-
low, discussion of Fig. 9) 3.5. Electrochemical behaviour
Anodic film oxide growth is shown in Fig. 7 when
consecutive potential sweeps are applied up to increa-
singly anodic switching potentials. The first scan (curve
(a)) shows a large current plateau associated with a high
field oxide growth mechanism (Ref. 79 and references ci-
ted therein). The return sweep still shows some growth as
the current decays to very low values. Importantly, further
film growth in the following sweep does not appear until
the potential is more positive than the previous switching
potential (curve (b)), indicating that no significant film
dissolution takes place, as expected for the extremely in-
soluble zirconium oxide formed. The third cycle (curve
(c)) shows a similar behaviour, i.e., further growth can on-
ly take place when the field across the oxide exceeds that
present at the switching potential of the previous scan.
These observations are characteristic of an insoluble film
following a constant field film growth mechanism. Impor-
Table 2. Collection of relevant dielectric permittivity values for ZrO2
Reference No εr (Dielectric Comments
Permittivity)
23 25–29 Anodising at a constant current density in 0.1 mol dm–3 ammonium pentaborate electrolyte
18 21.4 Oxides obtained by anodisation in sodium hydroxide; ammonium borate and sodium sulphate up to
the breakdown potential
20 21
60 21
62a 29.9 Anodic film grown in phosphoric acid.
77 25–27 Combined neutron diffraction reflectrometry and electrochemical measurements
78 20 Anodisation in various electrolytic media and applied potentials (up to 420 V).
Figure 6. Dependence of the charge carrier number density on ano-
dising potential determined from the Mott-Shottky analysis.
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tantly, the electric field controlling film growth is present
only across the oxide layer, which increases its thickness
linearly with the applied field, with a dependence given by
δv = dd/dV = (2.8 ± 0.2) nm V–1 (δv = anodisation constant,
d = film thickness, V = applied growth potential).59,60,62a,80
3. 6. Dielectric Film Properties
The dielectric properties of the anodic films were in-
vestigated by EIS and typical results for the anodised Zr
electrodes are shown in Figure 8. For all the anodised
electrodes and conditions investigated,                     and not
equal to 1, as would be the case for a dielectric without los-
ses. This non-ideal capacitive behaviour,53,54 is usually ob-
served for oxide films grown on valve metals.81–84 In addi-
tion, a shift of the phase angle with anodising potential is
observed at high frequencies, a consequence of the increa-
se in oxide thickness.85 that also leads to a similar increase
of the total impedance modulus extrapolated to zero fre-
quency indicating the formation of more resistive films.
To account for these observations, the oxide film
was modelled as a bilayer structure involving an inner
compact layer in contact with a partially porous outer la-
yer that can include electrolyte from the solution (Figure
9a).67,69,70 The equivalent circuit corresponding to this
structure is given in Figure 9b. This model attempts to
capture the main properties of the oxide film for all the
growth potentials whilst keeping a minimum number of
variables to reflect a realistic physical model.67,77,86–89 This
corresponds to an idealised model, ignoring contributions
due to ionisable surface states, films homogeneities and
the presence of the native oxide in the interface localized
at the end of the pores. Constant phase element impedan-
ce contributions (ZCPE) were included
33,78,80,91 to account
for deviations from a slope of –1 in the modulus Bode
plot.
The oxide is considered in series with a solution re-
sistance Re. The equivalent circuit employed recognises
the distinction between the barrier-like inner layer and the
porous outer layer discussed before. CPE1 is a constant
phase element corresponding to the total oxide capacitan-
ce, from the solution to the metal, involving a dielectric
with a range of relaxation times. 33,78,80,91 R1 relates to the
resistance of the electrolyte present in the outer porous
oxide layer and the constant phase element CPE2 descri-
bes the inner layer of the oxide film, between the bottom
Figure 7. Anodic polarization curves for the as-received zirconium
in 1.0 mol dm–3 H3PO4 at increasingly anodic switching potentials
from (a) to (c). Sweep rate = 5 mV s–1.
Figure 9: (a) Equivalent circuits employed for data fitting, (b)
equivalent circuit corresponding to a bilayer structure involving an
inner compact layer in contact with a partially porous outer layer
that can include electrolyte from the solution.
Figure 8. Bode plots of the as-received and anodised zirconium at
different potentials in 1.0 mol dm–3 phosphoric acid: Anodising po-
tentials: 9V (0), 24 V () and 30 V (*).
a)
b)
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of the pores and the metal substrate. R2 has the same
physical meaning as R1 but involving only the inner oxide
layer in direct contact with the metal. In common with
many EIS analyses, other equivalent circuits can be pro-
posed to fit the impedance spectrum but the model chosen
reflects the proposed structure of oxides grown on valve
metals. The suitability of the model can be judged, as des-
cribed below, from the values of the parameters obtained.
The impedance of a constant phase elements, ZCPE,
is given by:92
ZCPE = 1/Q(jω)
α (3)
where Q is a parameter independent of frequency and α is
a coefficient associated with system homogeneity. When
α = 1, Q represents the ideal capacitance of the system.
When α<1, the system shows a behaviour that can be at-
tributed to surface heterogeneities such as grain bounda-
ries, steps or different crystal faces on polycrystalline ma-
terials, or to a distribution of time constants within the
oxide. 54,77,92–95
The impedance data shown in Fig. 8 were fitted to
the circuit shown in Figure 9b.93,94 The solid lines show the
fitted data at each anodising potential and Table 3 shows
the main parameters obtained corresponding to the model
shown in Fig. 9b. The values of α1 show little spread (α1 =
0.94 ± 0.02) and are close to unity, indicating a ZrO2 film
behaviour close to that of an ideal capacitor. The model did
not allow distinguishing between R1 and R2 for the results
at 0 and 3 V and only a value of R1 + R2 could be extracted
from these data. The values of R1 were in all other cases
much smaller than those of R2, as would be expected for a
film with an outer porous layer (see Fig. 9a–b). Thus, the
total film resistance is very close to the value of R2.
R2 is equivalent to the total resistance of the elec-
trolyte present in the pores in contact with the metal surfa-
ce. The resistance of a single pore (Rp) is given by:
(4)
where lp is the pore length, κ is the specific conductance
of 1 mol dm–3 H3PO4 at 25 °C (0.058 S cm
–1 96) and Ap is
the projected area of the pore. From the measured value of
Re (Table 3), for a maximum pore depth of 84 nm and ig-
noring tortuosity factors, the average value of the total ap-
parent pore area was (1.5 ± 0.7) × 10–12 cm2, i.e., the film
porosity has a very small value and therefore the dielectric
properties that can be calculated refer to an oxide with a
negligible contribution to the permittivity due to film
porosity.
The relationship between the capacitance of a paral-
lel plate capacitor and dielectric permittivity is given by:54
(5)
where ε0 is the permittivity of free space εeff is the average
dielectric permittivity of the oxide film and d the plate se-
paration. In order to establish a relationship between a
non-ideal capacitor and dielectric permittivity, a model ta-
king relaxation time constants must be considered. For
this, an effective film capacitance (Ceff) has to be related to
film models.92–94 Two approaches can be used to define an
effective film capacitance from the circuit model parame-
ters (Figure 9). The method described by Brug et al.93 gi-
ves:
Ceff = Q1
1/α(Re
–1 + Rt
–1)(α–1)/α (6)
where Re is the electrolyte ohmic resistance and Rt is the
total resistance of the electrolyte within the pores (R1+R2).
Q1 and α have the same meaning as in Equation (3), cor-
responding to the CPE1 element. An alternative method
considers a series combination of local impedances.54 In
this case, Hsu and Mansfeld94 proposed that Ceff is given
by:
Ceff = Q1
1/α Rf
(1–α)/α (7)
Rf is the series combination of all the resistances
(Re+R1+R2); all other parameters have the same meaning
as in Equation (3).95
The dielectric permittivity was calculated from
equations (5), (6) and (7) using film thicknesses calcula-
ted using the value of the anodisation constant given abo-
Table 3. Equivalent circuit parameters obtained from the non-linear regression fitting of the EIS results to the circuit in Fig. 8 and die-
lectric permittivity calculations.
E/ V α1 Q1/ s
α Ω–1 / cm–2 R1 / ΩW cm
2 Ceff / F cm
–2 dδv /nm εr
3 0.94 (5.4 ±0.9) × 10–6 (3.4 1± 1) × 106 (2.96 ± 0.17) × 10–6 8.4 28.5 ± 1.4
6 0.90 (4.4 ± 0.1) × 10–6 (6.8 ±2) × 104 (1.6 ± 0.4) × 10–6 16.8 30.1 ± 7.7
9 0.91 (2.5 ± 0.1)×10–6 (3.4 ± 1) × 104 (8.9 ±0.8) × 10–7 25.2 25.6 ± 2.1
12 0.93 (1.47 ± 0.08) × 10–6 (3. 6 ± 1.8) × 104 (7.4 ±0.03) × 10–7 33.6 27.9 ± 0.1
18 0.95 (7.3 ± 0.2) × 10–7 (8 ± 4) × 104 (4.2 ± 0.2) × 10–7 50.4 24.2 ± 1
24 0.95 (5.5± 0.4) × 10–7 (4.2 104 ± 0. 3) × 104 (3.4 ± 0.1) × 10–7 67.2 26.1 ± 0.8
30 0.97 (3.9 ± 0.1) × 10–7 (4. 4 ± 0.1) × 104 (3.2 ±0.3) × 10–7 84.0 26.8 ± 1.7
d was calculated using δv = 2.8 nm V–1.  Re= 28 ± 18 Ω cm2  εr = 27 ± 3 (average from all potentials)
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ve. The dependence of Ceff on film growth potential is
shown in Fig. 10. As expected, Ceff decreases with increa-
sing growth potential due to the increase in the insulating
film thickness. As discussed above, the space charge capa-
citance makes no significant contribution to the overall
film impedance and hence, the estimated parameters provi-
de an accurate representation of the insulating oxide film
properties. The dielectric permittivity of the oxide was,
therefore, estimated from Ceff according to equation (9).
The average value of εeff was 27 ± 3, which compa-
res well with other estimates using different approaches,
as described in Table 3. Thus, the calculation of the effec-
tive capacitance (Eqn. (8)) provides an appropriate des-
cription of the dielectric properties of the film. A similar
analysis as above using a series equivalent circuit as des-
cribed by Hsu and Mansfeld54,94 gave an unrealistic high
value of εeff with a very high standard deviation, of 58 ±
27 indicating that this approximation does not lead to re-
liable values of dielectric permittivity.
It is concluded that regardless of the complexity of
the film structure, the proposed model and corresponding
equivalent circuit applied to the EIS results can be conve-
niently employed to estimate the dielectric permittivity of
an electrochemically grown oxide film of ZrO2.
4. Conclusions
This work has attempted to characterise oxide films
formed on the surface of anodised zirconium, an attractive
material for biomedical and electronic applications. The
inclusion of phosphorous as a zirconium phosphate in oxi-
des grown in phosphoric acid has been demonstrated by
both Raman spectroscopy and XPS. The incorporation of
this anion is considered beneficial in providing good anc-
horage for implants and the techniques presented can ser-
ve as a control of quality of the required surface treatment
for medical implants. In addition, the surface characterisa-
tion techniques employed demonstrate that the oxide for-
med, monoclinic ZrO2, is stable and fast passivation kine-
tics indicates that no dissolution takes place. The AFM re-
sults indicate that although the amplitude of the surface
features increases with anodising potential, the overall
surface geometry does not alter significantly as demon-
strated by the dependence of Ra on Rms. Thus, simple sur-
face roughness parameters can serve to establish the surfa-
ce quality and the influence of the substrate on the structu-
re of the oxide formed. This is an important observation
that links basic measurements as described in this paper
with well-established surface roughness methods emplo-
yed in the characterisation of engineered components.
The electrical properties of oxide films in medical
implants is an important property for establishing the level
of defects in the oxide films formed. It is demonstrated
that the flat band potential does not provide a simple inter-
pretation for the band structure of the oxide but impor-
tantly, the slopes of the Mott- Shottky plots give a quanti-
tative estimate of the carrier number density. The decrease
in this quantity when increasing the applied growth poten-
tial is in agreement with the behaviour found for anodic
oxide films of other pure valve metals and can be related
to the changes in film defects when increasing film thick-
ness. The rapid increase in thickness of the passive film
and the absence of any significant dissolution in the passi-
ve state when increasing the anodising potential corrobo-
rates the excellent corrosion barrier properties of this ma-
terial. Importantly, the incorporation of phosphate in the
film does not lead to an impairment of its barrier proper-
ties. The impedance results demonstrate the increase in
thickness of the anodic film with anodising potential and
changes in thickness can be followed from impedance
analysis. These results correlate with the XPS data in de-
monstrating clearly that without an oxidative treatment,
the presence of low oxidation states of Zr on the surface or
indeed, of some free metal, is observed. Thus, the elec-
trochemical oxidation and the surface controls investiga-
ted can provide a simple route for improving the long-
term stability of the anodically grown oxides.
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Povzetek
Z namenom raziskati mo`nosti modifikacije povr{ine za uporabo v biomedicinskih in elektronskih aplikacijah smo
raziskali dielektri~ne lastnosti cirkonijevega oksida, ki se tvori z elektrokemijsko oksidacijo cirkonija v 1 M raztopini
fosforjeve kisline med 3 V in 30 V. Oksidne plasti, ki smo jih pripravili pri razli~nih potencialih, smo analizirali z
mikroskopom na atomsko silo, rentgensko fotoelektronsko spektroskopijo in Ramansko spektroskopijo. Slednji dve
analizi sta pokazali, da se fosfatni ioni vgradijo v pasivno plast. Potencial ravnega pasu, ki smo ga dolo~ili na podlagi
Mott-Schotky-jeve analize, nakazuje na dvojno strukturo plasti. Meritve elektrokemijske impedan~ne spektroskopije so
bile osnova za izra~un dielektri~ne konstante oksida. Na podlagi modela oksidne plasti smo ugotovili, da so vrednosti
neodvisne of potenciala oksidacije
